There has been a long-standing challenge in promoting the fundamental research frontier in oxide electronics to commercial devices applications. Wafer-scale growth of high-performance oxide thin films is demanded urgently. In this paper, we successfully fabricated W-Ti co-doped VO 2 films with a pretty high coefficient of resistance (TCR: 7.09%/°C) and without hysteresis during heating and cooling processing. A scalable growth on 4 inch SiN x /Si wafer was obtained with excellent resistance uniformity (1σ = 2.14%), which has great potential in practical applications. The W-Ti co-doped effects exhibit the depression on the VO 2 phase change properties, which could be ascribed to the variation of the electronic phase in correlated VO 2 films. In addition, we employed V 2 O 3 films as a buffer layer to make all the films growth done at 275 °C , which is comfortable for low-cost industrial applications and semiconductor processing compatibility.
Introduction
In recent years, vanadium dioxide (VO 2 ) has been widely investigated due to its excellent semiconductor-metal transition (SMT) properties at near room temperature. [1] [2] [3] [4] [5] This change is accompanied with huge mutation in electrical resistivity, optical transmittance and reflectance in the infrared region, which has potential in practical applications such as smart windows, 6 optical and electrical switching, 7 uncooled infrared bolometers, 8 SMT transistors 1-2 and other nano-electronic devices. [9] [10] All these applications, especially microelectronic devices, require manufacturing of VO 2 films with superior quality on a wafer scale with a low cost. [11] [12] There have been many fabrication methods of high quality VO 2 films, such as pulsed laser deposition (PLD), 13 magnetron sputtering, 14 molecular beam epitaxy (MBE) 15 and chemical solution deposition technique. 16 However, most of them are not proper for practical industrial applications because high quality films growth needs a wafer scale. Magnetron sputtering method has the advantage in both high quality films growth and large wafer scale for semiconductor technique.
There have been several reports on doped-VO 2 films. [17] [18] [19] [20] Most of them focus on the modulation of phase-change temperature. Very few studies focus on the hysteresis of VO 2 by doping effects and its applications in temperature response devices. VO 2 films with hysteresis electrical properties is not an ideal material for uncooled infrared bolometers and other high-precision temperature sensors because of the signal interference when one temperature corresponds to two different resistance states around its phase-change temperature. M. Soltani et al. reported the optical and electrical properties of Ti-W co-doped VO 2 thin films by the PLD method. 21 However, PLD method is improper for growing large-size samples. Meanwhile, the deposition temperature is commonly very high at ~520 o C, which is not compatible to semiconductor techniques. The properties of VO 2 films with large wafer scale have not been investigated, which is very important for practical applications in industry.
In this paper, we reported W-Ti co-doped VO 2 films with high temperature coefficient of resistance (TCR) and without hysteresis during heating and cooling processing using magnetron sputtering method. The uniformity and structure of a scalable VO 2 film growth on 4 inch SiN x /Si wafer were investigated. SiN x is a common layer in semiconductor techniques, which is used for the etching processing and avoiding current leakage. In addition, we employed V 2 O 3 films as a buffer-layer to make all the films growth done at a low temperature of 275 °C , which is much comfortable for low-cost industrial applications and semiconductor processing compatibility.
Experimental section
The W-Ti co-doped VO 2 films were fabricated on 4 inch SiN x /Si wafer substrates by magnetron sputtering system. Before the VO 2 films deposition, V 2 O 3 films were employed as the buffer-layer for VO 2 film growth in order to decrease the deposition temperature. The V 2 O 3 has been confirmed for low-temperature depositing VO 2 films with high performance in our previous work. 6 W and the sputtering Ar gas is supplied at 40 sccm. During the doped VO 2 film deposition, the optimized DC gun power for W, Ti and VO 2 target is 5, 10, and 55 w, respectively. The sputtering gas was supplied at 39 sccm for Ar and 1 sccm for O 2 .
The crystallinity of the films was characterized by X-ray diffraction (XRD) measurements using Cu Kα radiation. The cross-section and thickness of the film was studied by the transmission electron microscopy (TEM, JEOL-2100F). Scanning electron microscopy (SEM) and atomic force microscopy (AFM, SII Nano Technology Ltd, Nanonavi II) were used to test the surface and roughness of the films. The resistance uniformity was checked using the automatic four-point probe meter (4D Model 280). And the Resistance-Temperature (R-T) curves were characterized by the temperature-varying electrical probe station. Furthermore, X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific Co. Inc., ESCA lab250) was employed to analyze the chemical states and electronic structures of the doped VO 2 films.
Results and discussion
In order to get a good uniformity of the films, it has been demonstrated that the rotation of the substrate is very important.
11-12 A 70-nm-thick W-Ti co-doped VO 2 films was deposited on a 4-inch SiN x /Si wafer at 275 °C using 5-nm-thick V 2 O 3 buffer-layer at 275 °C and rotated at 5 rpm. Figure 1a shows the VO 2 films on 4-inch wafer, which exhibits good uniformity from the reflection color. The film cross-section is shown in Figure 1b . [26] [27] [28] where researchers found that the oxygen sub-lattice of VO 2 (R) can also be regarded as a distorted hexagonal closed packing (HCP); thus, the oxygen triangle layers are stacked along the a-(or b-) axis of VO 2 (R) phase. Based on this, V 2 O 3 , with the corundum-structure and the HCP structure of oxygen, is expected to show high uniformity degree with VO 2 (R) in oxygen packing topotaxy. Thus, the use of V 2 O 3 as buffer layer can make the growth of W-Ti co-doped VO 2 thin films at a low temperature. From the TEM results, it is clearly shown that the interfaces between the films are very clear and the W-Ti co-doped VO 2 films is dense. Figure 1c shows the AFM image of the as-fabricated W-Ti co-doped VO 2 films. The surface is rather flat with a root mean square roughness of ~1.76 nm. The XRD results illustrate that the W-Ti co-doped VO 2 films exhibit monoclinic (M1) single phase, which means good purity of the films. As the dopants of W and Ti are minority compared to V in VO 2 films, we did not find other oxides peaks of W or Ti.
The W and Ti dopant concentration is estimated from the XPS measurements. Typical XPS spectra recorded at room temperature are presented in Figure 2 . From Figure 2a Figure 2b . Figure 2c shows Figure 2d . In addition, the tested molar ratios of W : Ti : V = 0.87 : 1.82 : 23.71, which shows the dopant concentration in VO 2 films. The XPS compositional results also indicate the phase purity of the W-Ti co-doped VO 2 thin films. Figure 3a shows the probe locations of the tested square resistance of the films, which is used for characterizing the resistance mapping of the films. During the test, we chose 12 points around the center and gave the distribution of the films resistances on 4-inch wafer. Figure 3b shows the square resistance mapping of the fabricated W-Ti co-doped VO 2 films on 4-inch SiN x /Si wafer. It is shown that the average square resistance of the films is ~16469.75 Ω/□, the maximum and minimum square resistance are ~15946.41 and ~16850.82 Ω/□, respectively. Overall, the film square resistance shows good uniformity, with a standard deviation (SD) of 351.83 Ω/□ and 1 Sigma (1σ) of 2.14%, which is well consistent within the practical semiconductor technique applications. Normally, in statistics a SD is a measure that is used to quantify the amount of variation or dispersion of a set of data values. 32 A low SD indicates that the data points tend to be close to the mean of the set, while a high SD indicates that the data points are spread out over a wider range of values. In order to simulate real applications and characterize the electrical properties of the W-Ti co-doped VO 2 films, we employed the semiconductor etching technique to make the top electrode on the surface of the films. Metal Platinum (Pt) was selected as the top electrode to get the good conductivity. The VO 2 films was etched to be a square type and independent from other square units. SiN x was also used for avoiding current leakage of the independent unit. Figure 4a shows the schematic structure of the electrical properties test. From the SEM test, we can see the practical electrical test structure, which is illustrated in Figure 4b . We employed the temperature-varying electrical probe station to obtain the Resistance-Temperature (R-T) curves.
During the test, heating and cooling were varied at a fixed rate of 5 °C min -1 . And the resistance was recorded automatically. The typical R-T curves was shown in Figure 4c , in which there is no hysteresis during heating and cooling processing. Obviously, the effects by W and Ti co-doping depress the phase-change properties of VO 2 films and contribute to the almost zero resistance hysteresis. It has been reported that single W doping could make the phase-change temperature of VO 2 to a lower value, 33 as well as Ti doping could make the phase-change temperature of VO 2 to a higher value. 34 For comparison, we also tested samples with single W-doped VO 2 , single Ti-doped VO 2 , as well as undoped VO 2 thin films on SiN x /Si substrates (See Figure S1 in supporting information). The W doping can make the heating curves moving to a lower temperature, while Ti doping make the cooling curves to a higher temperature. Thus, through tailoring the doping content we can obtain the nearly zero hysteresis R-T curves. The results obtained in Ti-W co-doped films could be understood if one considers the compensation of W donors by Ti acceptors. The effects of W-Ti co-doping on VO 2 could be ascribed to the variation of the electronic phase in correlated VO 2 films. 5 About the mechanism of doping, further study should be done in future. In 1968, Steinhart and Hart developed a model for thermistor R-T characteristics in order to make accurate temperature measurements for oceanic studies. 35 Today, the most popular model for R-T characterization is the Steinhart-Hart (S-H) equation. According to the S-H equation: where T is the absolute temperature in Kelvin and R is the thermistor resistance in ohms. The terms C 1 ', C 2 '* are the S-H constants for the thermistor. The relationship between 1/T and ln(R) can be illustrated in Figure 4d , in which we use the linear fit to get the slope of C 2 '* ~1.5663 × 10 -4 .
The dependence of resistivity on temperature is employed to use in infrared bolometer sensors, 29 where the parameter characterizing a high sensitivity is the temperature coefficient of resistance (TCR), usually used as α. The equation is usually defined as follows:
Combining Equations (1) and (2), we can get the TCR calculation equations:
Thus, we can calculate the TCR of the fabricated W-Ti co-doped VO 2 films at different temperature. From 20 to 80 °C, the TCR of the films are from 7.42%/°C to 5.12%/°C, respectively. As there is no hysteresis during heating and cooling, it can be used in a full range temperature for thermal resistor devices. Especially for uncooled infrared bolometer applications, it is usually concerned about the TCR at room temperature. From the calculation, we can get the TCR at room temperature (~27 °C) is around 7.09%/°C, which is much higher than other literature reports. [36] [37] 
Conclusions
In summary, it is demonstrated that W-Ti co-doped VO 2 films were successfully fabricated with high room-temperature (27 °C) coefficient of resistance (TCR: 7.09%/°C) and without hysteresis during heating and cooling processing. Using magnetron sputtering method, a scalable growth on 4-inch SiN x /Si wafer was obtained with excellent resistance uniformity (1σ = 2.14%), which has great potential in practical applications. The W-Ti co-doping effects exhibit the depression to the VO 2 phase change properties, which could be ascribed to the variation of the electronic phase in correlated VO 2 films. In addition, V 2 O 3 buffer-layer was employed to make all the films growth done at a low temperature of 275 °C , which is very meaningful for low-cost industrial applications and semiconductor processing compatibility. Our research can open a new route for VO 2 -based devices applications.
